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We estimate the frequency of Saharan mineral dust outbreak events observed over the 12	  
North Atlantic island of La Palma based on in situ nightly atmospheric extinction 13	  
measurements recorded almost continuously since 1984 by the Carlsberg Meridian 14	  
Telescope at the Roque de los Muchachos observatory. The outbreak frequency 15	  
shows a well-defined seasonal peak in the months of July to September, during which 16	  
time the occurrence of Saharan dust events (SDEs) is approximately 28±6%. We find 17	  
considerable year-to-year variability in the summertime SDEs frequency, observing a 18	  
steady reduction between 1984 and 1997, followed by a period of relative mean 19	  
stability from 1999 to 2012. We investigated changes in the atmospheric extinction of 20	  
the SDEs as an indicator of strength of the episodes and found that this parameter 21	  
approximately follows the SDE frequency, however, instrumental limitations 22	  
prevented us from deriving precise conclusions regarding their long-term changes. A 23	  
lagged correlation analysis between SDE properties and the El Niño Southern 24	  
Oscillation (ENSO), North Atlantic Oscillation (NAO), and Sahel rainfall index (SRI) 25	  
was performed. We found that 55±4% of the year-to-year variations in July–26	  
September SDE frequency may be reproduced by a lagged relationship to the NAO 27	  
conditions during the preceding October–December period, and 45±4% may be 28	  
reproduced by a negative correlation to the SRI during the preceding February–April 29	  
period. Based on these relationships it may be possible to obtain an approximate 30	  
indication of the strength of the upcoming summertime dust season over the North 31	  
Atlantic around half a year in advance. 32	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1. Introduction 49	  
Mineral dust entrained and suspended in the deep Saharan planetary boundary layer 50	  
(PBL) is periodically transported over great distances in discrete outbreak events that 51	  
may last from hours to several days (Knippertz and Todd, 2012). Entrained dust 52	  
typically posses diameters (d) ranging from 0.5 to 75µm (Maring et al., 2002) and 53	  
have been observed suspended at altitudes ranging from 4–6km above mean sea level 54	  
(AMSL) (Esselborn et al., 2009): coarse dust particles (d > 30µm) rapidly settle, 55	  
remaining close to their source, while small particles (d < 10µm) remain suspend for 56	  
long periods of time and, as a result, may be transported over globally significant 57	  
distances (Shao, 2000; Cuesta et al., 2009; Creamean et al., 2013). Away from the 58	  
source regions, a progressive depletion of small particles occurs by the processes of 59	  
dry deposition and by scavenging and washout from precipitation (Shao, 2000). 60	  
 61	  
Mineral dust produces a range of significant direct and indirect impacts, including 62	  
effects on climate and radiative balance (Ångström, 1930; Sassen et al., 2003; Forster 63	  
et al., 2007), cloud properties and precipitation (Criado and Dorta, 2003; Richarsdon 64	  
et al., 2007; Ansmann et al., 2008; Seifert et al., 2010; Creamean et al., 2013), marine 65	  
and terrestrial ecosystems (Jickells et al., 1998; Shinn et al., 2000; Kaufman et al., 66	  
2005), and soil development (Yaalon and Ganor, 1973; Vine, 1987; Muhs et al., 67	  
1990; Menédez et al., 2007). In particular, due to the climatological significance of 68	  
aerosols and the high contribution of mineral dust to the global net aerosol burden, 69	  
significant effort has been focused on increasing the understanding of Saharan dust 70	  
sources and long-range transport with the aim of reducing the associated uncertainty 71	  
(Knippertz and Todd, 2012). 72	  
 73	  
The path of Saharan mineral dust outbreaks shifts with the seasonal movements of the 74	  
Intertropical Convergence Zone (ITCZ) (Jankowiak and Tanré, 1992; Swap et al., 75	  
1996; Moulin et al., 1997; Goudie and Middleton, 2001). Entrained dust is seasonally 76	  
transported along three main pathways (Goudie and Middleton, 2001; Ben-Ami et al., 77	  
2012): westward over the North Atlantic Ocean towards the Americas (Carlson and 78	  
Prospero, 1972; Moulin et al., 1997; Baars et al., 2011; Creamean et al., 2013); 79	  
northwards across the Mediterranean to Southern Europe (Loÿe -Pilot et al., 1986); 80	  
and eastwards across the Mediterranean towards the Middle East (Herut and Krom, 81	  
1996; Ganor et al., 1991). The westward flow over the North Atlantic Ocean is the 82	  
largest by volume: it is estimated that each year 240±80 × 109 kg of mineral dust is 83	  
transported over the North Atlantic (Kaufman et al., 2005), accounting for 30–50% of 84	  
total dust output from the Sahara (Schütz et al., 1981; Goudie and Middleton, 2001). 85	  
Consequently, the Canary Island archipelago, located 28.1ºN 15.4ºW, approximately 86	  
100km from the Western Sahara, frequently experiences the effects of dust-laden 87	  
Saharan winds. 88	  
  89	  
The largest and most frequent outbreak events over the North Atlantic occur during 90	  
the Northern Hemisphere summer season, associated with strong convective 91	  
disturbances over West Africa at latitudes of 15ºN–20ºN that move westward in 92	  
association with easterly waves emerging from the African coast at intervals of 3–4 93	  
days (Goudie and Middleton, 2001). In summer months, the development of the 94	  
Bermuda-Azores high (a.k.a. the North Atlantic subtropical high) is also important in 95	  
drawing dust-carrying wind from the tropical North Atlantic to the subtropical region 96	  
(Jickells et al., 1998; Goudie and Middleton, 2001). During this period the outbreak 97	  
events most frequently occur in the free-troposphere, as dust-laden air from the deep 98	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Saharan PBL is advected above the relatively colder and denser North Atlantic 99	  
marine-boundary layer (MBL) airmass, located between the surface and ~2km AMSL 100	  
(Cuesta et al., 2009). Conversely, in winter months, outbreaks in the free-troposphere 101	  
are rare. Instead, infrequent outbreaks events occur mainly within the MBL as a result 102	  
of anticyclonic activity over North Africa (Viana et al., 2002). In Section 3.3, we shall 103	  
give a quantitative description of seasonal outbreak frequencies from in situ 104	  
observations.  105	  
  106	  
Over recent decades, the frequency of Saharan dust events (SDEs) has shown 107	  
significant fluctuations in response to climatic factors such as drought, and 108	  
anthropogenic impacts on marginal desert regions (Goudie and Middleton, 2001). A 109	  
recent study shows that proxy data suggests the occurrence of a doubling of desert 110	  
dust output over the 20th century, with model simulations suggesting that the 111	  
increased output results from a combination of climate drying, carbon dioxide 112	  
fertilization, and land use changes (Mahowald et al., 2010). Several studies suggest 113	  
that year-to-year variability in Saharan dust transport may be connected to synoptic 114	  
weather patterns indicated by climate indices, for example: desert dust over the North 115	  
Atlantic and the Mediterranean has demonstrated correlations to the North Atlantic 116	  
Oscillation (NAO) (Moulin et al., 1997); additionally, dust observed at Barbados 117	  
transported across the North Atlantic shows anticorrelations to precipitation 118	  
anomalies in the Sahel region (Prospero and Nees, 1986; Prospero and Lamb, 2003; 119	  
Mahowald et al., 2009). Consequently, we shall investigate the relationship of these 120	  
parameters (and El Niño) to observed outbreak events from long-term observations of 121	  
SDEs.  122	  
 123	  
The objective of this paper is to investigate long-term changes in the frequency and 124	  
intensity of SDEs using an approximately 30-year record of in situ nightly 125	  
atmospheric extinction measurements taken at the Carlsberg Meridian Telescope 126	  
(CMT), 28.46ºN, 17.53ºW, 2.4km AMSL, located at Roque de los Muchachos 127	  
observatory at La Palma (Canary archipelago). From this data, we examine the long-128	  
term properties of SDEs observed over the Canary Islands, and the associated 129	  
variations in the North Atlantic Oscillation, El Niño, and rainfall anomalies over the 130	  
Sahel. The location of the Canary Islands, immediately to the west of North Africa 131	  
means that the archipelago intersects the important westward transport route for 132	  
Saharan mineral dust, consequently, long-term observations from the Canary Islands 133	  
present an excellent opportunity to observe changes in Saharan dust transport over the 134	  
Atlantic region. 135	  
 136	  
2. Data 137	  
Atmospheric extinction in optical wavelengths results from the absorption and 138	  
scattering of incoming light as a result of water vapor, clouds, and aerosols (Varela et 139	  
al., 2008). Nightly measurements of the atmospheric extinction coefficients have been 140	  
recorded at the CMT almost continuously since 1984, the longest running dataset of 141	  
its type. These measurements are centered on blue (551nm, Johnson’s V band, 142	  
13/05/1984–28/05/1998) and red (625nm, r’ band, 26/03/1999–present) wavelengths. 143	  
The extinction coefficients are defined as the fractional depletion of radiance per unit 144	  
path length. Specifically, the atmospheric extinction coefficient data measure the 145	  
attenuation of photons (in magnitudes) as a function of wavelength, with distance 146	  
defined in airmass units (mag. airmass-1). As our data always concern values 147	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extrapolated to airmass 1, we shall refer to it only as the atmospheric extinction (K) 148	  
with a unit of magnitude. 149	  
 150	  
The atmospheric extinction measurements in the Johnson’s V (551nm)-band at zenith 151	  
(Johnson, 1963) were calculated from a nightly average of 56 photometric standard 152	  
stars per night, as they crossed the north-south meridian (with a nightly standard 153	  
deviation of ±38 stars over the 1984–2012 period) by a scanning slit micrometer; this 154	  
method gave a single nightly atmospheric extinction value. From 26 March 1999 155	  
onwards, this instrument was replaced by a more sophisticated Charge Coupled 156	  
Device (CCD) instrument, which measured atmospheric extinction in the Sloan 157	  
Digital Sky Survey (SDSS) r’ filter (625nm)-band, providing extinction data for each 158	  
recorded frame. With this new instrument, nightly atmospheric extinctions are 159	  
calculated from an average extinction value of all photometric images collected 160	  
during a night. The instrument obtains extinction measurements by using an 161	  
instrumental zero-point derived from the long-term performance of the CCD, with 162	  
each image containing an average of 30–40 calibration stars. For the data to be judged 163	  
photometric, it required a constant low degree of scattering (<0.15 magnitudes) 164	  
between photometric standard stars (over the course of the observation night 1984–165	  
1998, and over each frame of data post-1999); where a minimum of ~10 standard 166	  
stars are required to determine the scatter. During the post-1999 data collection 167	  
period, photometric quality was also assessed based on the degree of scatter of the 168	  
calculated extinctions between images over the course of the observation night; where 169	  
the scatter was less than <0.06 magnitudes the night conditions and the data were 170	  
classified as photometric. We note that the observations do not require completely 171	  
clear sky conditions; if part of the sky is cloudy, observations may still be possible if 172	  
enough standard stars can be observed.  For further information regarding these 173	  
atmospheric extinction measurement techniques see King (1985).  174	  
 175	  
Previous studies have directly compared the atmospheric extinction data from the 176	  
CMT to AERONET Sun photometer measurements of optical depth obtained from a 177	  
station located approximately 200km to the east of the CMT, in Santa Cruz de 178	  
Tenerife over a period of approximately 10 days (Bailey et al., 2008; Ulanowski et 179	  
al., 2007). These studies found a good correspondence between the datasets during an 180	  
outbreak of Saharan mineral dust over the Canary Islands, with a peak atmospheric 181	  
extinction of ~0.30 observed by the CMT and ~0.26 by AERONET. 182	  
 183	  
The sensitivity of atmospheric extinction measurements to the presence of mineral 184	  
dust varies at different wavelengths. Consequently, we must apply a subtraction value 185	  
to the V band data (0.0286) obtained from King (1985) to convert the atmospheric 186	  
extinction data in the V band to the equivalent r’ band values: these data are presented 187	  
in Figure 1. Over the 1984–2012 period data coverage is 51%, with the majority of 188	  
unobserved nights attributed to non-photometric (cloudy/windy/locally too humid) 189	  
conditions. The number of photometric observation nights each year was comparable 190	  
over the two data periods, with an average of 196±38 observations per year from 191	  
1984–1998, and 202±33 observations per year since 1999. The nightly atmospheric 192	  
extinction data the mean and standard error uncertainties were 0.18±0.017 from 193	  
1984–1998 and 0.12±0.009 post-1999.  194	  
 195	  
Several prominent gaps can be seen in the data, the most notable of these are a 301-196	  
day gap between 29 May 1998 and 26 March 1999, and a 145-day gap between 5 197	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November 2007 and 29 of March 2008. The former resulted from the replacement of 198	  
a scanning slit micrometer with a CCD camera (and the change from V band to r’ 199	  
band measurements), while the later resulted from a technical failure of the telescope. 200	  
 201	  
We note that deriving the SDE properties from this data has limitations that will 202	  
constrain the conclusions of our work, specifically these are: 1) The high-altitude 203	  
location of the observatory (2.4km AMSL) means that we are limited to primarily 204	  
observing SDEs occurring in the free-troposphere. During summertime, the Saharan 205	  
planetary boundary layer adjacent to the Atlantic Ocean is usually exceptionally deep 206	  
and developed, frequently achieving altitudes of up to 6km AMSL (Gamo, 1996; 207	  
Esselborn et al., 2009). Consequently, during summertime outbreak events the 208	  
mineral dust enriched air is normally transported in the free-troposphere above the 209	  
relatively denser marine boundary layer (MBL) that extends to ~2km AMSL. The 210	  
frequent advection of air from the Saharan PBL generates a layer referred to as the 211	  
Saharan Air Layer (SAL) (Cuesta et al., 2009). However, between the months of 212	  
January to March dust events occur in a very different manner: the outbreaks occur 213	  
within the marine boundary layer (MBL) due to high-pressure systems affecting 214	  
northern Africa (Alonso-Pérez et al., 2007). Since our observations are made at an 215	  
altitude of 2.4km AMSL, we are certainly biased towards observing SDEs occurring 216	  
in the free troposphere, and thus likely under-estimate the SDE occurrence in 217	  
wintertime. 2) Our observations are restricted to photometric conditions only and to 218	  
locally good observing conditions at the observatory site. As a result, if there is an 219	  
association between SDE occurrence and cloud cover amount, then our analysis will 220	  
under-estimate SDE occurrence. We note that this limitation is also true of aerosol 221	  
data from AERONET and satellite-based observations. 3) A failure to note the 222	  
presence of thin cirrus clouds may also result in an over-estimation of nightly 223	  
atmospheric extinction values leading to an over-estimation of SDE occurrence. 4) 224	  
Observations from the CMT are effectively a point-sample, restricted to the location 225	  
above the observatory. Consequently, the data may fail to observe SDEs occurring in 226	  
the region, which do not directly intersect the observatory: an example of such an 227	  
event (27/02/2000) is noted by Varela et al. (2008).  228	  
 229	  
3. Analysis 230	  
The following analysis shows how we developed the CMT atmospheric extinction 231	  
data into a quantitative description of SDE frequency and strength (Sections 3.1 to 232	  
3.2); the seasonal and long-term properties of these parameters are investigated in 233	  
Sections 3.3 to 3.4. An investigation of the correlation of these parameters against 234	  
climate indices describing the North Atlantic Oscillation, the El Niño Southern 235	  
Oscillation, and rainfall anomalies over the Sahel region is also presented in Section 236	  
3.5.  237	  
 238	  
3.1. Atmospheric extinction 1984 – 2012 239	  
Figure 1a shows both the CMT nightly atmospheric extinction values and, over 240	  
plotted, a 100-day running median (red line). The majority of values occur at low 241	  
atmospheric extinctions (<0.2 magnitudes) , in addition, groups of values with high 242	  
atmospheric extinctions can be observed throughout the dataset, with the strength and 243	  
number of events clearly showing year-to-year variability. We note two prominent 244	  
features in Figure 1a: Firstly, the periodic occurrence of high atmospheric extinction 245	  
values indicating a seasonal presence of Saharan dust outbreaks into the troposphere. 246	  
Secondly, we note a period of several years following the eruption of Mount Pinatubo 247
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(June 1991) where an increase in the low-level atmospheric extinction values 248	  
occurred as a result of volcanic aerosol injection into the stratosphere (Brock et al., 249	  
1993), previously noted to affect atmospheric extinction from the CMT data 250	  
(Sanroma et al., 2010). In order to effectively isolate the effect of Saharan dust events 251	  
(SDEs) on the atmospheric extinction values we have removed the 100-day running-252	  
median values from the nightly data. The median values act only as a low-pass filter, 253	  
removing the effects of Pinatubo and other long-term variations from the data (where 254	  
long-term refers to timescales significantly distinguishable from SDEs of >100 day). 255	  
This has the effect of making the SDEs directly comparable from year-to-year: these 256	  
results are presented in Figure 1b. 257	  
 258	  
3.2 Period analysis 259	  
To determine if any significant periodic variations occur in our data, we have applied 260	  
the Lomb-Scargle (LS) period analysis method to the 5,352 unevenly sampled, clear-261	  
sky, nightly atmospheric extinction data of Figure 1b, and their standard errors 262	  
(calculated from the scatter/square root of the number of images per night) (Scargle, 263	  
1982; Press et al., 1992): the results are presented in Figure 2. The analyzed 264	  
frequencies were constrained by the limits imposed by the Nyquist frequency and the 265	  
duration of the dataset. The number of independent frequencies was determined using 266	  
the method of Horne and Baliunas (1986). The standard procedure for detecting 267	  
periodic features is based on estimating the noise spectrum and using this to define 268	  
the point above which we are unlikely to observe a random fluctuation. The standard 269	  
false alarm probability estimate from the LS algorithm gives the statistical 270	  
significance of the highest peak in the power spectrum assuming that all data points 271	  
are independent, however, in the presence of correlated data (i.e. red-noise), we will 272	  
have to take a different approach in order to properly estimate the statistical 273	  
significance of the peaks evidence in the periodogram. This was done numerically by 274	  
means of Monte Carlo (MC) simulations. We generated data with exactly the same 275	  
sampling as the real data with a modeled red-noise data generated using the method of 276	  
Timmer and Knöig (1995) with a broken power law as determined from the 277	  
periodogram of the observed data. We then added Gaussian noise using the 278	  
uncertainties of the data (from the atmospheric extinction standard error). We then 279	  
calculated the LS periodogram and recorded the position and frequency of the highest 280	  
peak. 281	  
 282	  
We computed 5,000 simulated datasets and calculated the 68th and 99.9th percentile 283	  
confidence intervals at each frequency taking into account a realistic number of 284	  
independent trials (Vaughan, 2005). From this method, we identified a statistically 285	  
significant (p < 0.001) peak in atmospheric extinction at 366.01, 182.85 and 121.64 286	  
days, the first being an annual period while the later are aliasing frequencies. No other 287	  
statistically significant periods were observed in the data, indicating that the 288	  
remaining variability is not of a periodic nature. 289	  
 290	  
3.3 Seasonal frequency and magnitude of Saharan Dust Events 291	  
Presenting the atmospheric extinction data as a climatological average by calendar 292	  
day clearly demonstrates seasonal characteristics, showing that the frequency and 293	  
intensity of events greatly increases in boreal summer months (Figure 3). This is as 294	  
expected, as the location of Saharan dust loading over the North Atlantic Ocean varies 295	  
spatially with the seasonal movement of the Intertropical Convergence Zone (ICTZ) 296	  
(Moulin et al., 1997). However, we again note that our experimental sensitivity to 297	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dust outbreaks in boreal winter months is likely reduced due to the altitude at which 298	  
our observations are made; this factor also likely contributes to the observed seasonal 299	  
amplitude.  300	  
  301	  
It is clear that the number of days with SDE conditions is far lower than with non-302	  
SDE conditions. In order to continue an analysis of long-term variations in the 303	  
frequency and intensity of SDEs we must empirically distinguish these populations, 304	  
defining a threshold value in atmospheric extinction above which we define the date 305	  
as a SDE. We do this independently for the 1984–1998 V band values and post-1999 306	  
r’ band values, as it is clear from an examination of Figure 1b that despite adjustment 307	  
of the V band values, these differing measurement techniques still possess different 308	  
sensitivities, with lower atmospheric extinction values consistently detected after 309	  
1999 in the r’ band data. 310	  
 311	  
Figure 4 presents two density plots of atmospheric extinction values following the 312	  
removal of 100-day running median values to remove low-frequency variability. A 313	  
normal-gamma composite distribution is used to model the population of the 314	  
extinction values. The distribution is a linear combination of a normal distribution, 315	  
modeling the extinction variability in non-dusty conditions. A gamma distribution is 316	  
used to model the long, positive, tail caused by the SDE conditions. Namely, the 317	  
composite distribution for atmospheric extinction (K) is P(K; µ, σ, og, ag, bg, c), where 318	  
µ and σ are the mean and standard deviation of the normal distribution, og, ag, and bg 319	  
are the origin, shape and width of the gamma distribution, and c is the mixing factor.  320	  
 321	  
We fit the theoretical distribution to the observed atmospheric extinction values by 322	  
using a Bayesian approach, and we compute the posterior probability distributions for 323	  
the composite distribution parameters using Markov Chain Monte Carlo (MCMC). 324	  
Uninformative constant priors are used on all the distribution parameters, and the 325	  
likelihood is expressed directly as the product of the probabilities for obtaining each 326	  
atmospheric extinction value from the composite distribution. Based on the mean and 327	  
standard deviation posteriors of the normal-component of the composite distribution, 328	  
we identify the 99.9th percentile values within the normal distribution as the point at 329	  
which we consider all subsequent values to be outside the range of normal extinction 330	  
variability: these atmospheric extinction values are 0.0522 and 0.0352 for the periods 331	  
of 1984–1998 and 1998–2012 respectively. 332	  
 333	  
We note that several earlier studies have similarly quantitatively distinguished non-334	  
dusty from dusty atmospheric extinctions over the Canary Island astronomical 335	  
observation sites at both La Palma and Tenerife, identifying a range of values 336	  
including: ≥0.153 (Guerrero et al., 1998); >0.20 (Siher et al., 2004); >0.075 (Jiménez 337	  
et al., 1998); and >0.155 (García-Gil et al., 2010). However, the quantitative 338	  
definitions of dusty conditions in these studies lacked a consideration of low-339	  
frequency variations in atmospheric extinction. Consequently, the ability of the 340	  
various threshold values to correctly identify dusty conditions varies over time, which 341	  
would make long-term analysis problematic. We further note that the thresholds 342	  
defined are also sensitive to the wavelength with which atmospheric extinction is 343	  
measured, which differed from study to study; this effect is evident in Figure 4, which 344	  
shows differing SDE threshold values despite the application of a subtraction value to 345	  
transform between the V and r’ wavelengths. 346	  
 347	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We wish to examine two parameters relating to SDEs: firstly, the frequency with 348	  
which SDEs occur over a specified period, defined here as the number of observed 349	  
nights with an atmospheric extinction value above the SDE threshold values divided 350	  
by the total number of observed nights (as a ratio of 1). Secondly, we investigate the 351	  
intensity of SDEs, defined here by the mean atmospheric extinction value of observed 352	  
SDE nights over a specified period (i.e. the average atmospheric extinction of nights 353	  
with an extinction value of ≥ SED threshold values). 354	  
 355	  
Regarding the error values presented in this work, unless otherwise stated all values 356	  
indicate the ±1.96σ confidence level. Error values presented for the SDE frequency 357	  
are based on Bayesian methods, whereby binomial distributions are calculated at each 358	  
time step based on the total number of observed nights over a specified period and the 359	  
number of nights with an atmospheric extinction of ≥ SED threshold values over the 360	  
same period. 361	  
 362	  
Plots of the monthly SDE frequency and atmospheric extinction climatologies are 363	  
presented in Figure 5. A period of high SDE occurrence takes place during the months 364	  
of July–September (hereafter also referred to as the high dust season). During this 365	  
time SDE frequency is found to be 0.10±0.04 for all months excluding July–366	  
September, while, during the months of July–September the SDE frequency increases 367	  
to 0.28±0.06 (Figure 5a). In Figure 5b we also present the month-to-month mean 368	  
atmospheric extinction values during SDE conditions (a measure of SDE strength). 369	  
We found the monthly variability to be relatively high, and despite the presence of a 370	  
peak during the month of July, the values show a considerably weaker seasonality 371	  
than the SDE frequency. A mean atmospheric extinction of 0.11±0.07 and 0.17±0.08 372	  
is observed in the months of October–June and July–September respectively (Figure 373	  
5b). 374	  
 375	  
3.4. Changes in the frequency and strength of Saharan dust events during the high 376	  
dust season from 1984 to 2012 377	  
The number of clear-sky observations, SDE frequency, and the strength of SDEs 378	  
during the high dust season between 1984 and 2012 are presented in Figure 6. Figure 379	  
6a displays the number of days with SDE conditions observed (dashed line) compared 380	  
to the total number of observations (solid line) per-high dust season per-year. During 381	  
1998, no SDE conditions were observed, as the telescope was not operational during 382	  
the change between measurement techniques.  383	  
 384	  
To accurately gauge the uncertainty associated with the SDE frequency 385	  
measurements, we have calculated a binomial probability density function for each 386	  
annual dust season based on the number of SDEs and the number of total 387	  
observations. The SDE frequency, along with ±1.96σ uncertainty values are presented 388	  
in Figure 6b: we observe a general reduction in SDE frequency between 1984 to 1998 389	  
from 0.47±0.11 to 0.10±0.07, after which time values partially recovered. They have 390	  
since remained in a state of relative long-term stability around a mean of 0.26±0.09 391	  
showing an average year-to-year σ of 0.11.  392	  
 393	  
One of the largest variations in SDE frequency occurred in 1997, where, despite 60 394	  
nights of photometric observations, no SDEs were observed. This year is notable for 395	  
the occurrence of a particularly strong El Niño event (Wolter and Timlin, 1998; 396	  
McPhaden, 1999), suggesting that further investigation of the relationship between 397	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the El Niño Southern Oscillation (ENSO) and SDEs identified in this work are 398	  
warranted: this will be addressed in the following section. 399	  
 400	  
Figure 6c shows the atmospheric extinction (strength) of SDE events and ±1.96σ error 401	  
during the high dust season, and similarly identifies a long-term decline in SDE 402	  
strength from 1984–1998, from 0.26±0.15 to 0.09±0.04. After 1999 SDE strength 403	  
remained relatively stable (around 0.16±0.11), with a mean year-to-year σ of 0.04. 404	  
We note that the higher atmospheric extinction values identified during the 1984–405	  
1998 period compared to the post-1999 period almost certainly result from the higher 406	  
extinction values obtained by the V band period measurements previously noted. 407	  
Consequently, we cannot reliably gauge the absolute atmospheric extinction changes 408	  
over the entire data period, as there is no overlapping period within which we could 409	  
calibrate the measurements. Despite this limitation, we may assume that the relative 410	  
changes within the two distinct data collection periods (pre/post-1999) are reliable; 411	  
i.e. a decrease in SDE strength occurred between 1984–1998, followed by a period of 412	  
partial recovery and relative stability. We note that this limitation does not affect our 413	  
ability to calculate SDE frequency over the entire data period, as this is a relative 414	  
measurement, and therefore does not require consistent or calibrated measurement 415	  
approaches over the complete duration of the observations. 416	  
 417	  
3.5. Relationships to the NAO, MEI and SRI 418	  
The correspondence between the SDE frequency minimum in 1997 and the large 419	  
ENSO event of 1997–98 provides an indication that inter-annual variations in SDE 420	  
frequency may be connected to large-scale climate oscillations. Indeed, correlations 421	  
between inter-annual variations in dust transport and synoptic-scale climate indexes 422	  
have been suggested by previous studies, e.g. year-to-year variations in Saharan dust 423	  
export over the Atlantic and Mediterranean and the North Atlantic Oscillation (NAO) 424	  
index (e.g. Moulin et al., 1997; Chiapelllo and Moulin, 2002; Dayan et al., 2008); 425	  
correlations between winter-time dust export over the Canary Islands and the 426	  
1,000mb geopotential height anomalies between Tenerife and Madrid (Spain) 427	  
(Alonso-Perez et al., 2011); and, Saharan dust export and drought severity over North 428	  
Africa (Prospero and Nees, 1986; Prospero and Lamb 2003). Several studies have 429	  
also identified relationships between specific synoptic meteorological conditions and 430	  
dust emission from the Sahara (e.g. Klose et al., 2010; Knippertz and Todd, 2010; 431	  
Alonso-Pérez et al., 2011). 432	  
  433	  
From these studies, it seems likely that we may detect statistically significant 434	  
relationships between regionally important climate parameters and SDE properties. 435	  
Such relationships may provide further insights into the physical processes 436	  
influencing SDE occurrence over the North Atlantic region. Consequently, we 437	  
proceed by investigating the relationship between our observations and three 438	  
climatological indexes suspected to be of significance: 1) the NAO index, defined as 439	  
the difference in normalized sea level atmospheric pressures between the Azores high 440	  
pressure region and the Icelandic low pressure region (Barnston and Livezey, 1987; 441	  
Chen and van den Dool, 2003; van den Dool et al., 2000); 2) The Multivariate El 442	  
Niño Southern Oscillation Index (MEI) (Wolter and Timlin, 1993; 1998), calculated 443	  
from the first unrotated principle component of six combined variables observed over 444	  
the tropical Pacific region (sea-level pressure, zonal and meridional surface winds, sea 445	  
surface temperature, surface air temperature, and cloud fraction); and, 3) the Sahel 446	  
Rainfall Index (SRI) (Janowiak, 1988), based on long-term precipitation 447	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measurements from stations within the National Center for Atmospheric Research 448	  
(NCAR) World Monthly Surface Station Climatology (WMSSC) network within a 449	  
region of 20ºN–8ºN, 20ºW–10ºE. The SRI data are presented in cm as an anomaly 450	  
with respect to the period of 1950–1979.  451	  
 452	  
A monthly-averaged time series of these three parameters from 1984–2012 are 453	  
presented in Figure 7. Normally, the SRI shows a peak in precipitation during the wet 454	  
season from the months of July–September, and low values during the dry season 455	  
from the months of October–June. Since the values are presented as anomalies against 456	  
the 1950–1979 mean, and overall precipitation has decreased since then, almost all 457	  
the wet season peaks in our presented time interval occur as negative values. We note 458	  
that the NAO index and SRI show a seasonality that we have removed prior to our 459	  
correlation analysis; this was done by subtracting the monthly means of the 1984–460	  
2013 period from the individual monthly values. 461	  
  462	  
To test for the presence of statistically significant relationships between these 463	  
parameters and our SDE observations we have performed a lagged correlation 464	  
analysis taking our observations of total counts (the total number of photometric 465	  
nights), and SDE frequency as the dependent variables and the climate indexes 466	  
averaged over 3-month periods as the independent variables. Using these data we 467	  
performed a correlation analysis over a ±12 lag period, where each value represents a 468	  
3-month average beginning at a period denoted by the lag value: e.g. lag -1 are the 469	  
months of June–August, lag 0 are the months of July–September, and lag +1 are the 470	  
months of August–October. We note that all data from 1998 are removed from the 471	  
dependent variables prior to the correlation analysis, as the minimum value of this 472	  
year is an artifact. We reiterate that the dependent variables are only analyzed during 473	  
the high dust season period (July–September): i.e. the analyzed time-series of the 474	  
dependent variables is as presented in Figure 6a–b and does not change. Whereas, the 475	  
independent datasets presented in Figure 7 are averaged (boxcar means) into three-476	  
month bins, and shift both forwards and backwards in time with respect to the 477	  
dependent dataset. Thus, our analysis only concerns how the independent datasets are 478	  
statistically related to the number of photometric observations at the CMT and the 479	  
calculated SDE frequency during the high dust season.  480	  
 481	  
The correlation coefficients (r-values) are obtained from linear regressions calculated 482	  
using Markov Chain Monte Carlo (MCMC) techniques, which consider the error in 483	  
both the independent and dependent variables where available. Thus, our presented 484	  
correlations at each time point represent a distribution of ~40,000 probable r-values, 485	  
for which we display the median (50th percentile) and ±1σ values. We evaluated the 486	  
statistical significance of the MCMC-calculated correlations by means of a further 487	  
series of MC simulations, wherein, the dependent variables were randomized 10,000 488	  
times and the correlations achieved were recorded for each independent/dependent 489	  
variable pairing independently, from a distribution of the correlations we then 490	  
extracted the 2.5th/97.5th and 0.5th/99.5th percentile correlations as the two-tailed 0.05 491	  
and 0.01 probability confidence intervals. This procedure was repeated at each time 492	  
step, for each pair of variables (i.e. for each of the 10,000 randomly arranged 493	  
dependent variables, the correlation at each lag time is calculated, with the resulting 494	  
distribution of correlations determining the confidence intervals). The resulting 495	  
confidence intervals were overplotted against the MCMC correlation values of each 496	  
variable paring. We consider the resulting correlations statistically significant if the 497	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MCMC estimated median and ±1σ r-values simultaneously achieve p-values beyond 498	  
the 0.05 two-tailed confidence interval. The results of this analysis are presented in 499	  
Figure 8, and discussed in the following sections. 500	  
 501	  
3.5.1. Correlations between the NAO and SDE properties 502	  
The NAO bears a statistically significant positive correlation (p <0.01) to the total 503	  
number of observed nights at lag -1, with a median r-value of 0.65±0.17 (Figure 8a). 504	  
The estimated lower 1σ r-value at lag -1 is statistically significant at p <0.05, 505	  
suggesting that the state of the NAO between the months of June–August directly 506	  
influences the number of photometric nights (an indicator of weather conditions) 507	  
between the months of July–September. This correlation returns approximately one 508	  
year later, at lags of +11 to +12 months. 509	  
 510	  
In relation to the NAO and SDE frequency we observe a highly statistically 511	  
significant (p < 0.01) positive correlation occurring at lags -10 to -8 (with a peak 512	  
median r-value of 0.74±0.19): the significance of this case is so high that even the 513	  
lower 1σ r-values are significant at the p 0.01 level (Figure 8b). These correlations 514	  
suggest a robust statistical link between the SDE frequency and the NAO during the 515	  
preceding winter period (October–December period), implying that the NAO may 516	  
account for 55±4% of the year-to-year variations in high dust season SDE frequency. 517	  
 518	  
Our findings of significant correlations between the NAO and SDE properties are 519	  
somewhat similar to observations of earlier studies such as Chiapello and Moulin 520	  
(2002), who identified a correlation between optical thickness and the NAO during a 521	  
twenty-year period over a region of the tropical North Atlantic, 15ºN–30ºN, 5ºW–522	  
30ºW (a region which includes the Canary Island archipelago). However, we note that 523	  
the findings of Chiapello and Moulin (2002) pertain to winter dust transport and the 524	  
winter NAO and so differ from our results. Similarly, Chiapello et al. (2005) also 525	  
highlighted an influence of the NAO on the wintertime export of dust. These results 526	  
also correspond to the findings of Siher et al. (2004), who found a positive correlation 527	  
(r 0.49) between the NAO and satellite-derived winter aerosol index data over a 10º × 528	  
10º area at zero-lag centered on La Palma between 1978–2002. 529	  
 530	  
3.5.2. Correlations between MEI and SDE properties 531	  
An analysis of the MEI and total observed nights show a positive correlation at the p 532	  
0.01 confidence level at lag +4 (median r-value 0.47±0.19). The median significance 533	  
of the MEI correlation slowly increases past the p 0.05 level immediately following 0 534	  
lag, and remains between a p-value of 0.05 and 0.01 for 8 consecutive time-steps, 535	  
although the lower 1σ level r-values remain at p > 0.05 during the analysis period, 536	  
indicating no statistically robust correlation is identified (Figure 8c). Similarly, the 537	  
MEI also shows significant associations to SDE frequency, peaking at zero-lag 538	  
(Figure 8d); however, the range of calculated r-values again suggests that this 539	  
relationship is not robustly significant. The slow response of correlations to the MEI 540	  
may result from a combination of: 1) the low month-to-month variability and 541	  
consequent high degree of autocorrelation in the dataset (Figure 7b), and 2) an 542	  
exaggeration of the autocorrelation effect by the boxcar mean approach of the lag 543	  
periods. This result suggests that we do not identify a robust statistical link between 544	  
ENSO and the local weather conditions over the observatory site or variations in the 545	  
frequency of SDEs during the high dust season.   546	  
 547	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3.5.3. Correlations between the SRI and SDE properties 548	  
The SRI shows strongly significant (p < 0.01) negative correlations with median r-549	  
values between lags -12 to -9 although the upper 1σ r-value only reaches statistical 550	  
significance at lag -10 (Figure 8e); no other robustly significant relationships between 551	  
the SRI and total observations are identified. Negative correlations between the SRI 552	  
and SDE frequency are observed at several lags over the analysis period, however, the 553	  
±1σ r-value ranges for this case are not statistically significant at the p 0.05 level with 554	  
the exception of lag -5, which possesses an r-value of -0.67±0.19 (Figure 8f). The 555	  
confused nature of these and previously noted correlations is, at least in part, likely to 556	  
be a consequence of the inter-relationships between these and further connected 557	  
variables of the climate system.  558	  
 559	  
We interpret these observations to suggest the following: Firstly, the negative 560	  
relationship between the SRI and the total number of observations with a lag of -10 561	  
implies that large/small volumes of precipitation over the Sahel at the end of the wet 562	  
season reduces/increases the number of photometric observation nights over La 563	  
Palma. Secondly, the relationship between the SRI and the SDE frequency observed 564	  
at lag -5 implies that increases/decreases in the volume of precipitation received 565	  
during the dry season over the Sahel result in decreases/increases in the frequency of 566	  
SDEs. In the following section we examine the correlations between the NAO/MEI 567	  
and the SRI, as it is known that rainfall anomalies over the Sahel region are strongly 568	  
related to sea surface temperature anomalies across the globe, e.g. Folland et al. 569	  
(1986) and Hunt (2000).  570	  
 571	  
3.6. Correlations between the SRI and NAO/MEI 572	  
For almost all the NAO/MEI correlations to SRI the ±1σ r-value intervals are above 573	  
the p 0.05 level, indicating the correlations are not statistically significant. There is 574	  
one exception at lag +1 between the MEI and SRI, where the upper 1σ r-value is 575	  
marginally below the p 0.05 significance level. This implies a statistically significant 576	  
association between decreases/increases in the MEI and a subsequent 577	  
increase/decrease in the SRI.  578	  
If ENSO were influencing the SDE frequency indirectly via a connection to the SRI, 579	  
we should then expect to see a statistically significant positive correlation at lag -6 in 580	  
the MEI–SDE frequency (Figure 8d). However, the only significant SRI–SDE 581	  
frequency relationship detected in that case was a negative correlation at lag -5, 582	  
suggesting that an indirect link between ESNO and SDE frequency via the SRI does 583	  
not exist. Furthermore, both the correlations between the MEI–SRI and SRI–SDE 584	  
frequency are negative: if the MEI–SDE relationship were being mediated by a 585	  
mechanism related to precipitation over the Sahel, we would expect a positive 586	  
correlation (at negative lags) between the MEI–SDE datasets, which is not observed. 587	  
 588	  
3.7 Summary and discussion of the correlation analysis 589	  
 590	  
The correlation analysis has produced some ambiguous results, with numerous points 591	  
of significance at both positive and negative lags. Consequently, we assessed the 592	  
correlations in a conservative manner, only accepting results where the MCMC-593	  
calculated ±1σ distributions of r-values exceeded the two-tailed p 0.05 significance 594	  
level. From this basis, we identified factors connected to variations in the high dust 595	  
season SDE frequency: the NAO conditions from October–December, and the SRI 596	  
conditions from February–April, respectively these correlations account for 55±4% 597	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and 45±4% of observed year-to-year variability. Although from a simple the 598	  
summation of these r2 values it would appear we may account for 100% of the 599	  
variability in high dust season SDE frequency, this would only be true if the NAO and 600	  
SRI indexes were completely independent, which of course is not the case.  601	  
Logically, we may consider that the observed SDE frequency may largely depend on: 602	  
1) The immediate weather of the North Atlantic/African region, which directly 603	  
controls the entrainment and long-range transport of dust. 2) The dust entrainment and 604	  
removal processes, which although are influenced by the immediate weather, may 605	  
also be influenced by the amount of soil moisture available (to which the SRI is likely 606	  
serving as a proxy). The precipitation and soil-moisture, in turn, depend on global-607	  
scale patterns of climate variability, and may involve appreciable lag-times and 608	  
feedbacks to both weather and climate. Thus, a simple consideration of just these two 609	  
factors, weather, and soil moisture, we have a considerable amount of inter-610	  
relationships and feedbacks that we cannot clearly resolve in a simple correlation 611	  
analysis. Consequently, the results of our correlation-based examination is 612	  
unavoidably limited by the complexity of the climate machine, and thus, likely to 613	  
produce results which include ambiguous signals. As a result, while we are able to 614	  
comment on statistical associations and their implications, climate model-based 615	  
experiments are required to resolve this complexity, and to determine physical 616	  
processes governing long-term SDE variations. 617	  
 618	  
5. Conclusions 619	  
Utilizing approximately 30 years of nightly atmospheric extinction data recorded 620	  
from the CMT located at Roques de los Muchachos of La Palma (Spain), we have 621	  
examined year-to-year changes in the frequency and strength of Saharan mineral dust 622	  
intrusions occurring between the months of peak dust activity (July–September). 623	  
During this time, Saharan mineral dust is frequently transported in discrete outbreak 624	  
events from the deep Saharan planetary boundary layer westwards, over the North 625	  
Atlantic marine boundary layer in the free-troposphere. We observe a steady decline 626	  
in SDE frequency from 1984–1997 from 0.47±0.11 to 0.10±0.07, after which time 627	  
SDE frequency partially recovered and has fluctuated by approximately 0.11σ from a 628	  
mean of 0.26±0.09. Although our conclusions regarding the long-term strength 629	  
(atmospheric extinction) changes of the SDEs was limited by an inability to calibrate 630	  
between periods of differing instrumentation, we note that it appears that the intensity 631	  
of individual SDEs has approximately followed the variations observed in the SDE 632	  
frequency.   633	  
 634	  
A correlation analysis relating our observations to the North Atlantic Oscillation, the 635	  
El Niño Southern Oscillation, and Saharan rainfall shows a variety of statistically 636	  
significant relationships, although many of the correlations were ambiguous.  Several 637	  
correlations yield intriguing statistical associations, which imply mechanisms 638	  
connected to the NAO and SRI influencing the year-to-year SDE frequency during 639	  
the high dust season. Due to the time lags involved in these relationships, the NAO 640	  
index values in December–April and SRI in February–April may be used as an 641	  
indication of the strength of the next high dust season over the North Atlantic region. 642	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Figure 1. Time series of nightly atmospheric extinction (K, units in magnitudes) 915	  
centered on the r’ wavelength (625nm) from 13/05/1984–31/12/2012 for photometric 916	  
nights, presented for: (a) raw data, with 100-day running median values (red line), and 917	  
(b) the same data as an anomaly, after the median values are subtracted from each 918	  
data point. 919	  
 920	  
 921	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Figure 2. Lomb-Scargle period analysis of extinction data with 68th and 99.9th  923	  
percentile two-tailed confidence levels, displayed on the red lines. Significant 924	  
extinction peaks are observed at 121.64, 182.85, and 366.01 days; the later being an 925	  
annual cycle, while the former are aliases of the annual cycle.  926	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Figure 3. Scatter plot of clear-sky nightly atmospheric extinction (K) values observed 929	  
since 1984 plotted seasonally (all values converted to equivalent r’ band data by use 930	  
of a subtraction value obtained from King et al., (1985)), units in magnitudes. 931	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Figure 4. Density plot of atmospheric extinction (K, units in magnitudes) following 934	  
removal of 100-day running medians. Markers indicate the mode (vertical black line) 935	  
and Saharan dust-event (SDE) threshold values (blue line) found to be 0.0522 and 936	  
0.0352 respectively. The periods were treated independently due to their differing 937	  
measurement sensitivities. 938	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Figure 5. (a) Saharan Dust Event frequency (SDEfrq) per calendar month (number of 941	  
nights above threshold extinction value divided by total number of observed nights), 942	  
and (b) mean atmospheric extinction (K, units in magnitudes) of SDEs per calendar 943	  
month over the 1984–2012 period. Dashed lines show ±1.96 standard error of the 944	  
mean (SEM) confidence values. 945	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Figure 6. For the period of 01st July to 30th September (defined here as the high dust 948	  
season), panels a–c respectively show over the years 1984–2012: (a) the total number 949	  
of SDE observations (dashed line) and photometric observations (solid line) per-950	  
season; (b) the SDE frequency (SDEfrq), calculated from the number of nights with 951	  
atmospheric extinction values observed above the identified threshold values, divided 952	  
by the total number of observations per-season (solid line). The dashed lines show the 953	  
two-tailed ±1.96σ level confidence intervals, calculated from binomial probability 954	  
density estimates constrained by the number of SDEs/total observations. Panel (c) 955	  
shows the mean atmospheric extinction (K, units in magnitudes) of all observed SDEs 956	  
(solid line), with the ±1.96 standard error of the mean (SEM) confidence intervals 957	  
shown on the dashed lines. For dust seasons with ≤1 observed SDE no data is 958	  
displayed, such periods occur in 1998, and 2011: consequently, points are used to 959	  
indicate the atmospheric extinction range of the 2012 season. 960	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Figure 7. Monthly time series between 1984 to 2012 of (a) North Atlantic Oscillation 964	  
(NAO) index, (b) Multivariate El Niño Southern oscillation index (MEI), and (c) 965	  
Sahel Rainfall Index (SRI) anomaly (units in cm), where the anomalies are with 966	  
respect to 1950–1979. 967	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Figure 8. Lagged-correlations of the high dust season SDE properties (dependent 971	  
variables) occurring over the three-month period of July–September (zero lag) for: 972	  
Total (total number of observed nights), and SDE frequency (SDEfrq). These are 973	  
compared to the independent variables: the NAO index, MEI, and SRI over a ±12 lag 974	  
period, where, each x-axis value represents a three-month average with a delay 975	  
corresponding to the lag value: i.e. a lag of -1 corresponds to values from the calendar 976	  
months of June–August, whereas a lag of +1 corresponds to the months of August–977	  
October. Correlation coefficient distributions are calculated from Markov Chain 978	  
Monte Carlo linear regressions which include a consideration of uncertainties in both 979	  
the independent and dependent variables where available. The  median and ±1σ 980	  
intervals for these correlations are presented (solid black lines). The dashed and 981	  
dotted red lines indicate the two-tailed 0.05 and 0.01 p-values  respectively, calculated 982	  
individually for each lag period from  simulations of 10,000 correlations, where the 983	  
independent variable is held constant while the dependent variable is randomized. 984	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Figure 9. Identical to Figure 8, except the dependent variable now considered is the 987	  
Sahel Rainfall Index (SRI), while the independent variables are the NAO and MEI. 988	  
